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Introduction {#sec1}
============

XPF forms a heterodimer with ERCC1, and is a highly conserved structure-specific endonuclease that plays an essential role in nucleotide excision repair (NER) ([@bib27]). ERCC1/XPF incises double-stranded DNA 5′ specifically to the junction with the single-stranded DNA (ssDNA) ([@bib41]) and is essential for removing bulky adducts and UV-induced pyrimidine dimers in NER ([@bib43]). In addition to sensitivity to UV radiation, human patients with mutations in XPF often show neurological deterioration and, in some cases, accelerated aging, which are absent in other patients with xeroderma pigmentosum (XP) ([@bib13]). Mouse models also demonstrate that ERCC1 and XPF deficiencies lead to spontaneous development of symptoms characteristic of progressive neurodegeneration and signs of rapid aging ([@bib13]). These observations suggest that ERCC1/XPF possesses additional activities outside of NER. In support of this, ERCC1/XPF is required for removing DNA interstrand cross-links (ICLs), and deficiencies in XPF and ERCC1 cause extreme hypersensitivity to ICLs ([@bib48], [@bib20], [@bib16]).

Studies in yeast revealed an important function of Rad1/Rad10 (orthologs of ERCC1/XPF) in DNA double-strand break (DSB) repair. Rad1 and Rad10 are required for removing 3′ flaps in single-strand annealing (SSA) and for clipping off non-homologous tails in gene conversion ([@bib12], [@bib5], [@bib17]). In mammalian cells, it has also been shown that ERCC1 deficiency results in a reduction in SSA efficiency ([@bib3], [@bib6]), and ERCC1 is needed for removal of non-homologous tails in targeted gene replacement between alleles on plasmids and chromosomes ([@bib1]). This suggests that removing non-homologous tails by ERCC1/XPF is a conserved mechanism. The role of ERCC1/XPF in DSB repair is consistent with observations that mice deficient in ERCC1/XPF and fibroblasts derived from XPF-deficient patients are sensitive to ionizing radiation ([@bib2]). Genome instability and recombination-dependent deletion and rearrangement are elevated in *ERCC1* knockout (KO) mice ([@bib40], [@bib30]).

DNA secondary structures often arise at certain genomic loci containing special DNA sequences and consequently, interfere with replication, transcription, and other cellular processes. These structure-forming DNA sequences are found at chromosomal rearrangement breakpoints in cancers and are associated with neurological diseases ([@bib44]). Common fragile sites (CFSs) are large chromosomal regions prone to forming breaks and gaps at metaphase chromosomes upon replication stress ([@bib10]). CFSs often contain AT-rich sequences, which are predicted to form DNA secondary structures leading to replication stalling and fork collapse ([@bib25], [@bib47], [@bib51]). CFSs are a part of normal chromosome structure present in all human beings, but they are also hotspots for chromosomal rearrangements found in cancers ([@bib10], [@bib45]). Another group of DNA sequences that frequently adopt DNA secondary structures are guanine-rich sequences known as G-quadruplexes (G4s) and are often found at sites of genome instability ([@bib50]). In the human genome, more than 700,000 sequences are predicted to have the potential to form G4s, and they tend to locate in promoters, untranslated regions of mRNA, telomeres, and replication origins, where they play important regulatory roles ([@bib37]). It is critical to understand how genome stability is preserved at structure-prone DNA sequences.

In this study, we investigated the role of ERCC1/XPF in the repair of DNA DSBs. Surprisingly, we found that XPF is required for repairing not only DSBs containing non-homologous tails but also DSBs that are blocked by DNA secondary structures. In addition, we identified a synthetic lethal interaction of XPF with FANCM and showed that FANCM-deficient cells are sensitive to G4-stabilizing compounds.

Results {#sec2}
=======

Homologous Recombination Frequency Is Reduced when DSB Ends Are Blocked by Non-homologous Sequences {#sec2.1}
---------------------------------------------------------------------------------------------------

To study the mechanism of tail removal during homologous recombination (HR) in mammalian cells, we established an EGFP-based reporter EGFP-HR-Luc, which carries a 455-bp luciferase-containing fragment (Luc) non-homologous to the donor template ([Figure 1](#fig1){ref-type="fig"}A). As revealed by guide RNA (gRNA)/Cas9 cleavage, when both DSB ends are blocked by non-homologous tails (232 bp/223 bp or 415 bp/40 bp), HR is less efficient than when one end is blocked (455 bp/0 bp) ([Figure 1](#fig1){ref-type="fig"}B). We further showed that HR frequency is comparable at DSBs with one long (415 bp/0 bp) or one short (35 bp/0 bp) non-homologous tail, but much lower than at the DSBs with no tail (0 bp/0 bp) ([Figure 1](#fig1){ref-type="fig"}C). Thus a non-homologous tail as small as 35 bp suppresses HR to a similar extent as a long tail (\>400 bp). Upon DSB formation and end resection, 3′ single-stranded non-homologous tails can only be detected when they form flaps after adjacent homologous DNA sequences pair with the donor sequences ([Figure S1](#mmc1){ref-type="supplementary-material"}, left). As end resection of 415 bp would take much longer than for 35-bp DNA, these results also suggest that for repairing DSB ends with non-homologous tails, cleavage of the non-homologous tails rather than end resection is the limiting step for HR.Figure 1Non-homologous Tails at DSBs Suppress HR Frequency(A) Schematic drawing of the EGFP-based HR-Luc reporter. A luciferase fragment (Luc, 455 bp) was inserted in the middle of EGFP open reading frame.(B and C) U2OS cells containing EGFP-HR-Luc reporter were transfected with one gRNA/Cas9-containing plasmid (B) or two gRNA/Cas9-containing plasmids (C). The positions of gRNA cleavage sites are indicated by arrows on the reporter, and the length of the non-homologous tails on both sides of the gRNA cleavage sites is shown. HR efficiency was assayed by fluorescence-activated cell sorting analysis 5 days after transfection. Data are represented as mean ± SD. Statistical analysis was performed using two-tailed unpaired Student\'s t tests. \*\*p \< 0.01, ns, not significant.(D) PCR strategy for detection of DNA synthesis initiation from DSBs containing non-homologous tails with PCR primers indicated by black arrows (left). Homology between the donor and recipient cassettes is shown in green, and non-homologous tails are marked in blue. A nucleotide change in the homology of the donor versus recipient is shown in red, and this nucleotide difference creates specificity of the left primer to the donor but not to the recipient cassette in the PCR reaction. PCR was performed using extracted genomic DNA at indicated days after transfection of EGFP-HR-Luc cells with specific gRNA/Cas9 plasmids cutting at different positions on Luc (right). PCR products were resolved by agarose gel and quantified by ImageJ with the density of the sample (223 bp/1.5 day) set as 1 as a reference.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

To study whether the tail length influences the repair kinetics, we examined the start of DNA synthesis after strand invasion, which can only occur after non-homologous tails are clipped off ([Figure S1](#mmc1){ref-type="supplementary-material"}, left). This was achieved by PCR analysis using one primer on the recipient EGFP::Luc cassette (cleaved) containing no (0 bp), 40-, or 223-bp non-homologous tails and one primer on the donor template cassette ([Figure 1](#fig1){ref-type="fig"}D, left). The start of DNA synthesis on the strand without non-homologous tails (0 bp) occurs earlier than on the strand with tails (40 bp or 223 bp), and tail length does not have an obvious effect on the timing of DNA synthesis initiation ([Figure 1](#fig1){ref-type="fig"}D, right). This is consistent with the model suggesting that removal of the non-homologous tails but not end resection is the rate-limiting step for HR when the ends are blocked with non-homologous tails.

ERCC1/XPF Is Required for HR when DSB Ends Are Blocked by Non-homologous Sequences {#sec2.2}
----------------------------------------------------------------------------------

To study the role of ERCC1/XPF in tail removal, we depleted XPF or ERCC1 by short hairpin RNAs (shRNAs) in cells carrying different HR reporters. We showed that when XPF or ERCC1 is depleted, I-SceI-induced HR is significantly reduced in the EGFP-HR-Luc reporter where I-SceI cleavage generates two non-homologous tails, 391 and 68 bp in length, whereas HR levels remain mostly unchanged in the EGFP-HR reporter where 12- and 13-bp non-homologous tails are generated ([Figures 2](#fig2){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}A). The nuclease activity of XPF and the interaction of XPF with SLX4 are important for this HR-mediated repair of DSBs with non-homologous tails, as expression of XPF-WT but not the mutants, XPF-D687A, impaired in nuclease activity (corresponding to D676A in the previously used XPF clone with 11 amino acid deletion at the N terminus, [@bib11]), and XPF-L230R, deficient in associating with SLX4 ([@bib21]), suppresses HR defect in *XPF* KO cells as assayed by the EGFP-HR-Luc reporter after I-SceI cleavage ([Figures 2](#fig2){ref-type="fig"}B and [S10](#mmc1){ref-type="supplementary-material"}A). To further define the length of non-homologous tails that require XPF activity for HR, we generated EGFP-HR-Luc reporters containing 20-, 40-, and 390-bp non-homologous sequences on both sides of I-SceI (20/20, 40/40, and 390/390) to the donor. All other reporter cell lines contain a single and stably integrated reporter cassette, whereas for the analysis of EGFP-HR-Luc reporters (20/20, 40/40 and 390/390), we used pooled cell populations after transfection of the reporter to avoid the effect of genomic locus on repair efficiency. We showed that the EGFP-HR-20/20 cell line does not require XPF for HR, but the 40/40 and 390/390 cell lines exhibit significant dependence on XPF ([Figure 2](#fig2){ref-type="fig"}C). These data suggest that XPF is required for removing not only long non-homologous tails, but also tails as short as 40 bp. When non-homologous tails are 20 bp or shorter, tail removal requires other mechanisms that are independent of XPF.Figure 2XPF Is Required for HR when DSBs Contain Non-homologous Sequences(A) HR was assayed in U2OS (EGFP-HR) and U2OS (EGFP-HR-Luc) cell lines expressing XPF shRNA, ERCC1 shRNA, or vector (Ctrl) after I-SceI lentiviral infection. The I-SceI cleavage site on the EGFP-HR and EGFP-HR-Luc reporters is shown on top. Depletion of XPF and ERCC1 by shRNAs is shown by western blot.(B) HR was assayed after I-SceI lentiviral infection in U2OS (EGFP-HR-Luc) WT cells or *XPF* knockout (KO cells reconstituted with XPF-WT, XPF-D678A, or XPF-L230R alleles or vector. The expression of XPF is shown by western blot.(C) U2OS cells carrying different EGFP-HR reporters (EGFP-HR-Luc \[20/20\], \[40,40\], and \[(390/390\]), with indicated length of non-homologous tails (20, 40, and 390 bp on both sides of the I-SceI site) expressing XPF shRNAs or vector (Ctrl), were infected with I-SceI lentiviruses, and HR was assayed. Depletion of XPF by shRNAs is shown by Western blot.(D and E) The U2OS (EGFP-HR-Luc) cell line expressing XPF shRNAs or vector (Ctrl) was transfected with one (D) or two indicated gRNA/Cas9 plasmids (E), and HR was assayed. Depletion of XPF by shRNAs is shown by western blot.(F) qPCR with the primers shown in [Figure 1](#fig1){ref-type="fig"}D was performed to quantify DNA synthesis from indicated tails in U2OS (EGFP-HR-Luc) cells expressing XPF shRNAs or vector (Ctrl) 1.5 days after transfection of corresponding gRNA/Cas9 plasmids as shown in [Figure 1](#fig1){ref-type="fig"}B. The hygromycin-resistance gene present in the reporter was used as an internal reference for normalization. XPF expression is shown by western blot analysis using KU70 as a loading control.Data are represented as mean ± SD. Statistical analysis was performed using two-tailed unpaired Student\'s t tests. \*p \< 0.05, \*\*p \< 0.01, ns, not significant.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

To test whether XPF is also needed when only one non-homologous tail is present, we inactivated XPF in U2OS (EGFP-HR-Luc) cells and used gRNA/Cas9 to create one or two non-homologous tails (455/0 bp, 232/223 bp, and 415/40 bp). We found that XPF is required for repairing DSBs not only with two non-homologous tails but also with one non-homologous tail ([Figures 2](#fig2){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}B). We further showed that XPF is required when a single non-homologous tail is 415 bp (415/0 bp) or 35 bp in length (35/0 bp), but not when DSBs do not have tails (0/0 bp) ([Figures 2](#fig2){ref-type="fig"}E and [S2](#mmc1){ref-type="supplementary-material"}C). Thus XPF is important for the removal of single non-homologous tails as small as 35 bp.

We also showed that the presence of non-homologous tail delays DNA synthesis during HR ([Figure 1](#fig1){ref-type="fig"}D). We silenced XPF by shRNAs and showed by quantitative PCR (qPCR) that inactivation of XPF further delays initiation of DNA synthesis from the strand containing a non-homologous tail (40 or 223 bp), but has no effect when the invading strand does not have a non-homologous tail (0 bp) ([Figure 2](#fig2){ref-type="fig"}F). These results demonstrate that XPF-dependent removal of non-homologous tails is critical for the initiation of DNA synthesis during HR.

XPF Is Required for HR-Mediated DSB Repair at DNA Sequences Containing Secondary Structures {#sec2.3}
-------------------------------------------------------------------------------------------

Besides non-homologous tails, DSB ends may also be blocked by DNA sequences with secondary structures, which need to be removed before DNA synthesis can occur for HR ([Figure S1](#mmc1){ref-type="supplementary-material"}, right). Flex1, an AT-rich sequence derived from FRA16D, is prone to forming DNA secondary structures and causes replication stalling and DSB formation ([@bib51], [@bib47], [@bib46]). We showed that Flex1 induces HR-mediated mitotic recombination, as revealed by an EGFP-HR-Flex reporter ([@bib47]). Interestingly, Flex1-induced mitotic recombination is significantly decreased when XPF is depleted by shRNAs ([Figure 3](#fig3){ref-type="fig"}A). Hydroxyurea (HU)-induced mitotic recombination at Flex1 is also compromised when XPF or ERCC1 is depleted ([Figure 3](#fig3){ref-type="fig"}B). Reduction of mitotic recombination can be due either to reduced DSB formation or impaired DSB repair after DSB formation ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 3DSBs Accumulate at Flex1 upon Replication Stress when XPF is Depleted(A) Schematic drawing of EGFP-HR-Flex reporter (top). Spontaneous recombination was examined in U2OS (EGFP-HR-Flex) cells expressing XPF shRNA\#1 or \#2 or control vector (Ctrl) (bottom) at indicated days.(B) U2OS (EGFP-HR-Flex) cells were infected with lentiviruses expressing XPF shRNA\#1 or \#2, ERCC1 shRNAs\#1 or \#2, and a control vector (Ctrl) and assayed for mitotic recombination after HU (2 mM, 24 h) treatment. Depletion of XPF and ERCC1 by shRNAs is shown by western blot.(C) Phosphorylation of H2AX (S139), CHK1 (S317), and RPA2 (S4/S8) was examined by western blot analysis in WT or *MUS81* KO cells with or without depletion of XPF by shRNA\#1 after HU (2 mM, 24 h) treatment. KU70 was used as a loading control.(D) U2OS (EGFP-HR-Flex) cells were infected with lentiviruses expressing XPF shRNA\#1 or a control vector (Ctrl), followed by treatment with or without 2 mM HU for 9 h. γH2AX ChIP at Flex1 on the EGFP-HR-Flex reporter was performed and analyzed by qPCR. ChIP value without HU treatment is set as 1 for normalization. Depletion of XPF was shown by western blot analysis using KU70 as a loading control.Data are represented as mean ± SD. Statistical analysis was performed using two-tailed unpaired Student\'s t tests. \*\*p \< 0.01.See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

MUS81 has been reported to be involved in cleaving stalled replication forks, leading to DSB formation upon replication stress ([@bib14]). Inactivation of MUS81 significantly reduces γH2AX levels after HU treatment, whereas XPF depletion does not reduce but rather increases γH2AX levels ([Figure 3](#fig3){ref-type="fig"}C). However, such increase of γH2AX level caused by depletion of XPF is not observed in *MUS81* KO cells ([Figure S10](#mmc1){ref-type="supplementary-material"}B), suggesting that XPF functions downstream of MUS81 to prevent DSB accumulation. Loss of MUS81 does not prevent S-phase checkpoint activation as revealed by phosphorylation of RPA2 and CHK1, which is consistent with the previous observation that ATR pathway is activated in MUS81-deficient cells upon camptothecin treatment ([@bib36]). More specifically, by chromatin immunoprecipitation (ChIP) analysis, we further showed that γH2AX is significantly increased at Flex1 site after HU treatment when XPF is depleted by shRNAs ([Figure 3](#fig3){ref-type="fig"}D). These data suggest that XPF does not play an essential role in cleaving stalled replication forks upon replication stress. Reduced mitotic recombination observed at Flex1 in XPF-silencing cells is not due to a decrease in DSB formation at Flex1, but rather caused by a defect in HR as XPF has a role in repairing DSBs generated by MUS81-mediated cleavage of stalled replication forks.

To examine the role of XPF in the repair of DSBs generated at structure-prone Flex1 more directly, we created a DSB by I-SceI cleavage at the side of Flex1 in the EGFP-HR-Flex reporter, which contains an insert of Flex1 (0.34 kb) compared with the donor, and in the EGFP-HR reporter, which does not have an insert ([Figure 4](#fig4){ref-type="fig"}A, left). Although XPF is not required for HR-mediated DSB repair in the EGFP-HR reporter, XPF depletion by shRNAs significantly reduces HR in the EGFP-HR-Flex reporter after DSBs are generated by I-SceI ([Figure 4](#fig4){ref-type="fig"}A, right). This suggests that XPF is required for HR after DSB formation when the AT-rich structure-prone Flex1 is present at the end of a DSB.Figure 4XPF Is Required for HR Repair of DSBs Containing DNA Secondary Structures(A) Schematic drawing of EGFP-HR and EGFP-HR-Flex reporters is shown (left). I-SceI-induced HR was assayed in U2OS (EGFP-HR) and U2OS (EGFP-HR-Flex) reporter cell lines with expression of XPF shRNA\#1 or a control vector (Ctrl, right).(B) Schematic drawing of HR reporters HR-Flex/D-Flex and HR-Luc/D-Luc described previously ([@bib46]) (top). See also [Figure S4](#mmc1){ref-type="supplementary-material"}. The BamHI and EcoRI sites in the donor are at the corresponding position of the I-SceI site in the recipient cassette. U2OS (HR-Flex/D-Flex) or U2OS (HR-Luc/D-Luc) cells expressing XPF shRNAs or a control vector (Ctrl) were infected with I-SceI lentiviruses. After 6 days, genomic DNA was extracted and digested with I-SceI, followed by PCR using indicated primers (shown as arrows). PCR products with or without BamHI and EcoRI digestion were resolved on agarose gel, and the percentage of BamHI- and EcoRI-digestible PCR products among the total DNA was calculated (bottom).Data are represented as mean ± SD. Statistical analysis was performed using two-tailed unpaired Student\'s t tests. \*p \< 0.05, \*\*p \< 0.01, ns, not significant.

Flex1 forms DNA secondary structures at DSB ends. However, because it is not present in the donor template in the EGFP-HR-Flex reporter, Flex1 would also become a non-homologous tail after I-SceI cleavage ([Figure 4](#fig4){ref-type="fig"}A, left). To more directly test whether XPF is needed for repairing DSBs containing DNA secondary structures at the ends, we used DSB repair substrates (HR-Flex/D-Flex and HR-Luc/D-Luc) with Flex1 or Luc inserted in both the I-SceI cleavage recipient cassette and the donor cassette ([Figure 4](#fig4){ref-type="fig"}B, top) ([@bib46]), so that the recipient and donor cassettes contain perfect homologies. DSBs generated by I-SceI cleavage in the HR-Flex/D-Flex and HR-Luc/D-Luc reporters can be repaired by HR or non-homologous end joining (NHEJ). The donor sequences (D-Flex and D-Luc) are marked with BamHI and EcoRI cleavage sites. If HR is used, BamHI and EcoRI sites would be transferred to the recipient cassette to replace the I-SceI site in the repair products, whereas NHEJ products would not contain BamH1 and EcoRI sites. After I-SceI expression *in vivo*, genomic DNA was purified and digested with I-SceI *in vitro* to remove the parental EGFP::Flex1 or EGFP::Luc recipient cassettes (uncut by I-SceI or perfectly relegated after I-SceI cleavage in cells). The ratio of BamHI and EcoRI cleavable and non-cleavable recipient cassettes ([Figure S4](#mmc1){ref-type="supplementary-material"}) would indicate the ratio of repair products by HR and by imperfect end joining. Depletion of XPF substantially reduces the percentage of using HR in U2OS (HR-Flex/D-Flex) cells, but not in U2OS (HR-Luc/D-Luc) cells ([Figure 4](#fig4){ref-type="fig"}B, bottom), suggesting that XPF is required for the repair of DSBs when the ends are blocked by DNA secondary structures, even when DSB ends contain perfect homology to the donor sequences.

XPF and FANCM Are Synthetic Lethal {#sec2.4}
----------------------------------

DNA translocase FANCM plays a significant role in preventing DSB formation at Flex1 by promoting fork reversal to remove DNA secondary structures at Flex1 ([@bib46]). Loss of FANCM activity significantly increases Flex1-induced mitotic recombination. We further showed that increased mitotic recombination caused by FANCM deficiency depends on XPF ([Figure 5](#fig5){ref-type="fig"}A). This suggests that DSBs that have accumulated in FANCM-deficient cells cannot be repaired sufficiently in the absence of XPF. We thus asked whether inactivation of both genes would cause cell death. Indeed, depletion of XPF by shRNAs in *FANCM* KO cells drastically suppresses cell proliferation ([Figure 5](#fig5){ref-type="fig"}B), suggesting a synthetic lethal interaction between XPF and FANCM. Thus inactivation of XPF is potentially a good strategy for targeted treatment to kill FANCM-deficient tumors.Figure 5XPF and FANCM Are Synthetically Lethal(A) Spontaneous recombination was examined at indicated days in the U2OS (EGFP-HR-Flex) reporter cell line expressing XPF shRNA\#1 and FANCM shRNA alone or simultaneously, compared with a control vector. Data are represented as mean ± SD. Statistical analysis was performed using two-tailed unpaired Student\'s t tests. \*\*p \< 0.01.(B) Growth curve of HCT116 WT or *FANCM* KO cells was plotted after expressing XPF shRNA\#1 or a control vector (Ctrl). XPF expression is shown by western blot analysis with KU70 as a loading control.

Deficiency in XPF and FANCM Causes Cell Sensitivity to G4-Interacting Compounds {#sec2.5}
-------------------------------------------------------------------------------

We reasoned that the roles of FANCM in protecting structure-prone DNA sequences and XPF in processing DSB ends with secondary structures may not be limited to CFS-derived AT-rich sequences. G4-forming DNA sequences are abundantly present in the human genome ([@bib15]). To test whether XPF and FANCM are also important for protecting G4s, we treated *XPF* KO and *FANCM* KO cells with G4-interacting compound pyridostatin (PDS) ([@bib28]). Both *XPF* KO and *FANCM* KO are more sensitive to PDS than wild-type (WT) cells ([Figure 6](#fig6){ref-type="fig"}A). Upon PDS treatment, γH2AX is significantly increased in *FANCM* KO cells compared with WT cells ([Figure 6](#fig6){ref-type="fig"}B). We performed comet assay to more directly monitor DSB formation and found that DSB formation is also more significant in *XPF* KO cells after PDS treatment ([Figures 6](#fig6){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}). These data suggest that FANCM and XPF are important for preventing DSB accumulation at G4s and support the model that FANCM has an important role in protecting G4s from DSB formation while XPF is involved in repairing DSBs generated at G4s.Figure 6XPF- and FANCM-Deficient Cells Are Sensitive to PDS(A) U2OS WT and *XPF* KO cells (left) or HCT116 WT and *FANCM* KO cells (right) were treated with the indicated concentration of PDS, and cell viability assays were performed after 5 days. Data are represented as mean ± SD.(B) HCT116 WT and *FANCM* KO cells were treated by PDS (50 μM, 2 days) and lysed for western blot analysis of γH2AX using KU70 as a loading control.(C) U2OS WT and *XPF* KO cells were treated with PDS (50 μM) for 4 days, and comet assays were performed and quantified. Data are presented in box-and-whisker plots of tail moment. The comet images of cell population are shown in [Figure S5](#mmc1){ref-type="supplementary-material"}.(D) HCT116 WT or *FANCM* KO cells infected by a low titer of lentiviruses expressing XPF shRNA\#1 or a control vector (Ctrl) were treated with the indicated concentration of PDS for 5 days, and cell viability assays were performed. XPF expression is shown by western blot using KU70 as a loading control. Data are represented as mean ± SD.

As a deficiency in either XPF or FANCM results in sensitivity to PDS, we were interested in whether inhibition of XPF would further sensitize FANCM-deficient cells to PDS. We used a relatively low titer of lentiviruses encoding XPF shRNAs, which reduces endogenous XPF to about one-third of the original level ([Figure 6](#fig6){ref-type="fig"}D, left). This level of XPF inhibition did not cause significant sensitivity of WT HCT116 cells to PDS, but synergistically killed *FANCM* KO-deficient cells with PDS ([Figure 6](#fig6){ref-type="fig"}D, right). These results suggest that a potential treatment strategy could use low level of XPF inhibition in combination with PDS to achieve specific killing of FANCM-deficient tumors with low toxicity to normal cells.

PDS Induces Acute Replication Stress in XPF-Deficient Cells {#sec2.6}
-----------------------------------------------------------

It has been suggested that PDS causes replication-associated DNA damage ([@bib38]), which is consistent with the notion that G4s are formed during DNA replication when ssDNA is present. We hypothesized that loss of XPF would impair DSB repair at G4s that are formed during DNA replication, causing an obstruction of replication fork progression and replication stress. Indeed, PDS induces γH2AX accumulation and ATR activation as revealed by phosphorylation of CHK1 and RPA2, which are further enhanced in *XPF* KO cells ([Figure 7](#fig7){ref-type="fig"}A, left). This suggests that replication stress induced by chemical stabilization of G4s is potentiated in XPF-deficient cells. S-phase checkpoint activation is increased when MUS81 is deficient on PDS treatment. However, different from in WT cells, depleting XPF does not further enhance γH2AX accumulation and S-phase checkpoint in *MUS81* KO cells ([Figure 7](#fig7){ref-type="fig"}A, right), further supporting the notion that XPF functions downstream of MUS81 to repair DSBs generated by MUS81 at stalled replication forks.Figure 7PDS Induces Acute Replication Stress in XPF-Deficient Cells(A) U2OS cells with or without *XPF* KO (left) or *MUS81* KO (right) combined with or without XPF depletion by shRNA\#1 as indicated were treated with PDS (20 μM, 2days), and phosphorylation of H2AX (S139), CHK1 (S317), and RPA2 (S4/S8) was examined by western blot analysis using KU70 as a loading control.(B) U2OS WT or *XPF* KO cells labeled with CldU (30 min) were incubated in IdU for 60 min with or without PDS (20 μM) and processed for DNA fiber analysis. Scale bar, 10 μm. The replication velocity in kilobases per minute of treated cells was quantified by analyzing the replication tract length of 110--130 fibers for each condition. The middle line represents median, and p values were calculated using a Mann-Whitney test. \*\*\*\*p \< 0.0001, ns, not significant. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.(C) Proposed model for the role of ERCC1/XPF in removing DNA secondary structures at DSB ends for HR repair and replication restart from collapsed forks. FANCM deficiency or PDS treatment leads to an accumulation of DNA secondary structures on replication forks and causes formation of DSBs that require XPF to repair. The concerted roles of FANCM in protecting DNA secondary structures and XPF in repairing DSBs with blocked DSB ends underlie the synthetic lethality interactions between these two proteins.

To address further how replication is disturbed by PDS in XPF-deficient cells, we performed single molecular DNA fiber analysis. We pulse labeled cells with chlorodeoxyuridine (CldU), followed by second pulse labeling with iododeoxyuridine (IdU) in the presence of PDS. Relative track length is significantly reduced in *XPF* KO cells after PDS treatment compared with the cells without treatment ([Figure 7](#fig7){ref-type="fig"}B). Track length is also reduced in *MUS81* KO cells, but inactivation of XPF in *MUS81* KO cells does not lead to significant further reduction of fork length ([Figure S6](#mmc1){ref-type="supplementary-material"}). These results support the model that the major function of XPF is downstream of MUS81 to repair DSBs that are generated by MUS81, thereby antagonizing the effect of PDS in stabilizing G4s and preventing DSB accumulation ([Figure 7](#fig7){ref-type="fig"}C).

Discussion {#sec3}
==========

In NER, ERCC1/XPF is responsible for making an incision 5′ to the lesion ([@bib31], [@bib41]), and in ICL repair, ERCC1/XPF is required for unhooking incision of ICLs ([@bib16], [@bib21], [@bib8], [@bib35]). In this study, we analyzed the role of XPF in processing DSBs with blocked ends. We found that XPF is required for removing not only non-homologous tails but also DNA secondary structures present at DSB ends for HR. Identifying this important role of XPF in repairing DSBs associated with DNA secondary structures has implications for understanding clinical features of XPF deficiency and for establishing targeted cancer treatments.

The Role of ERCC1/XPF in Processing DSB Ends with Non-homologous Tails {#sec3.1}
----------------------------------------------------------------------

Study in yeast has revealed that Rad1 and Rad10 are required for the removal of 3′ non-homologous tails during SSA-mediated recombination of direct repeats ([@bib17], [@bib12]). Similarly, Chinese hamster ovary (CHO) *ERCC1*^-^ cells are deficient in SSA ([@bib40], [@bib39]). It has also been shown that ERCC1 is required for removing non-homologous tails in the "ends-in" gene targeting in CHO cells ([@bib1]), but in a separate report, it was suggested that in mouse embryonic stem cells, ERCC1/XPF is involved in targeted gene replacement with "ends-out" constructs irrespective of whether ends contain homologous or non-homologous sequences to the genomic locus ([@bib34]). We thus used our EGFP-HR reporter to systematically analyze the role of XPF in gene conversion at the DSBs with or without non-homologous tails in mammalian cells.

In the repair of DSBs by HR, one or both 3′ ends of a DSB invade the homologous template ([@bib29]). The invaded 3′ DNA strand is then used as a primer for new DNA synthesis, but the initiation of new DNA synthesis requires removal of any non-homologous DNA sequences present at the 3′ end ([Figure S1](#mmc1){ref-type="supplementary-material"}). We demonstrated that the presence of short (∼35--40 bp) or long (∼200--400 bp) non-homologous tails has a similar effect in blocking DSB ends and in delaying the initiation of DNA synthesis for HR. As the tail length does not affect HR repair frequency, we anticipate that the removal of non-homologous tails rather than end resection is the limiting step for HR at DSBs containing non-homologous sequences ([Figure S1](#mmc1){ref-type="supplementary-material"}). We also showed that XPF is required for removing terminal non-homology of more than 20 bp in length for HR-mediated repair. This is almost identical to observations in yeast that efficient clipping of non-homologous sequences longer than 20 bp depends on Rad1/Rad10 endonuclease, but the Rad1/Rad10-independent pathway is used for processing shorter terminal non-homology ([@bib17]). Thus the role of ERCC1/XPF in removal of terminal non-homology at DSBs is a well-conserved process that shares a common mechanism in yeast and human beings, and is essential for gene conversion in mammalian cells. Currently, it is not clear what nucleases are involved in removing small non-homologous tails (\<20 bp).

In yeast, removing Ya or Yα sequences non-homologous to the donor is essential for mating type switching ([@bib26]). Nearly half of the human genome is composed of repetitive DNA sequences such as Alu elements ([@bib23], [@bib22]), and non-allelic recombination between these repeated sequences would involve processing of non-homologous tails if DSBs are generated outside of repeats, or at sites with small stretches of non-homologous sequences within repeats ([Figure S7](#mmc1){ref-type="supplementary-material"}). Furthermore, development of CRISPR/Cas9-directed gene replacement or targeted gene correction for disease therapy would also benefit from the comprehensive understanding of processing of non-homologous ends present at target and donor sequences ([Figure S8](#mmc1){ref-type="supplementary-material"}).

The Role of XPF in Processing DSB Ends with Secondary Structures {#sec3.2}
----------------------------------------------------------------

We demonstrated that XPF is not only involved in removing non-homologous tails but also in processing DNA secondary structures at DSB ends during gene conversion even if terminal sequences are completely homologous to the donor template. These studies suggest an important role of XPF in protection of genomic loci, which contain DNA secondary structures.

Upon DSB formation, 5′ ends undergo end resection to generate long 3′ ssDNA tails, allowing AT-rich or G4 sequences to form secondary structures at DSB ends ([Figure S1](#mmc1){ref-type="supplementary-material"}, right). Such secondary structures block DNA polymerases from accessing the 3′ ends and need to be removed before initiation of DNA synthesis. Like non-homologous tails, DNA secondary structures present at DSBs also form flap-like structures after internal homologous sequences invade donor templates and are recognized by XPF for cleavage. Notably, redundant pathways besides XPF are also involved in clipping and processing DNA secondary structures at DSB ends. For instance, CtIP and MRE11 play important roles in processing DNA secondary structures formed at DSB ends, likely before the strand invasion step ([@bib47]). In this aspect, we showed that inactivation of MRE11 or CtIP also leads to PDS sensitivity ([Figure S9](#mmc1){ref-type="supplementary-material"}A). Co-depletion of MRE11 or CtIP with XPF has stronger effect than single depletion in repairing DSBs generated by I-SceI at Flex1, which contain DNA secondary structures ([Figure S9](#mmc1){ref-type="supplementary-material"}B). More in-depth study will be needed in the future to understand how XPF-dependent and XPF-independent pathways function together to process DNA secondary structures at DSB ends to promote HR.

Unlike those with deficiencies in other NER genes, patients with XPF and mice deficient in ERCC1 and XPF show phenotypes of neurological deterioration and accelerated aging ([@bib13]). G4-forming sequences and repetitive sequences at CFSs have been shown to be linked to neurological diseases ([@bib44], [@bib7]). Our findings reveal that XPF has an important role in repairing DSBs at sites with DNA secondary structures, including G4s and CFSs, suggesting a possible mechanism that contributes to the unique clinical symptoms of neurodegeneration stemming from XPF deficiency, which are not shared by other XP genes.

XPF Is Important for Repairing DSBs at DNA Secondary Structures that Have Accumulated in FANCM-Deficient Cells {#sec3.3}
--------------------------------------------------------------------------------------------------------------

DNA secondary structures often induce replication fork stalling, leading to fork collapse and DSB formation ([Figure 7](#fig7){ref-type="fig"}C). We showed that XPF is required for spontaneous mitotic recombination induced by structure-prone sequence Flex1 derived from CFS FRA16D ([@bib51], [@bib47], [@bib46]). Decreased mitotic recombination at Flex1 in XPF-deficient cells is largely due to a defect in removing DNA secondary structures after DSB formation. This is supported by the observations that XPF deficiency leads to DSB accumulation at Flex1, and that even after DSBs are generated by I-SceI XPF is still required for HR when DSB ends contain secondary structures.

XPF-deficient cells are sensitive to PDS, supporting the role of XPF in repairing DSBs at G4s. Upon PDS treatment, replication stress is substantially potentiated in XPF-deficient cells, and DNA fiber analysis showed replication slowdown in the presence of PDS when XPF is deficient. These data support the idea that XPF is required to avoid problems at G4s on replication forks by processing them.

At stalled replication forks, MUS81 cleaves forks to promote HR-mediated repair ([@bib14]). Our study supports the idea that XPF functions downstream of MUS81 to repair DSBs that are generated by MUS81-mediated cleavage of stalled replication forks. We showed that increased DSB formation in XPF-deficient cells after both HU and PDS treatment is dependent on MUS81. Loss of XPF induces replication stress and reduces replication track length in WT cells upon PDS treatment, but no further increase of replication stress and reduction of fork track length are observed when XPF is depleted in *MUS81* KO cells. Although it has been shown that ERCC1/XPF functions together with MUS81 to cleave CFSs in mitosis ([@bib32]) and is involved in cleaving special DNA structures such as ICLs, R-loops, and DNA cruciforms ([@bib24], [@bib42]), XPF does not seem to play an essential role as MUS81 in cleaving stalled replication forks for DSB formation in S-phase.

FANCM promotes fork reversal to remove DNA secondary structures formed at Flex1 ([@bib46]). We showed that increased mitotic recombination at Flex1 caused by FANCM deficiency depends on XPF and both FANCM and XPF are important in preventing DSB formation after PDS treatment. Thus, XPF plays an important role in repairing DSBs that have accumulated at structure-prone DNA sequences when FANCM is deficient. As DNA secondary structures such as G4s are very abundant in the human genome, we propose that the concerted roles of FANCM in protecting genomic loci containing DNA secondary structures and XPF in repairing DSBs arising at these sequences underlie the synthetic lethal phenotype of FANCM and XPF deficiencies.

Inhibiting XPF Is a Promising Strategy for Targeted Treatment of FANCM-Deficient Tumors {#sec3.4}
---------------------------------------------------------------------------------------

FANCM deficiency is associated with breast and ovarian cancers, with a particularly strong predisposition toward hard-to-treat triple-negative breast cancer ([@bib33], [@bib18], [@bib19], [@bib9]). Reduced FANCM expression is also commonly found in sporadic head and neck squamous cell carcinoma ([@bib49]). Our study identifies a synthetic lethality interaction between XPF and FANCM, providing a targeted therapeutic strategy for treating FANCM-deficient tumors by inactivating XPF.

It has been shown that G4-stabilizing compounds can selectively eliminate HR-compromised tumors, including those with a BRCA1 or BRCA2 deficiency ([@bib52]). Based on our findings that FANCM and XPF are involved in preventing DNA secondary structure formation and in repairing DSBs at G4s, respectively, compromised XPF or FANCM function would cause cell sensitivity to PDS, and inhibition of XPF would enhance toxicity of FANCM-deficient cells to PDS. We also demonstrated a synergistic effect of PDS and suppression of XPF expression in killing FANCM-deficient cells. This combined treatment strategy could allow us to reduce the dose of PDS and XPF inhibition to a level that is not toxic to normal cells but can effectively kill FANCM-deficient tumor cells. Small-molecule inhibitors for XPF at nanomolar range with good specificity have been identified, with potential for development into potent anti-cancer drugs ([@bib4]). Our study provides a rationale for using these inhibitors in the effective treatment of FANCM-deficient tumors.

Limitations of the Study {#sec3.5}
------------------------

In this study, we identified an important role of ERCC1/XPF in removing DNA secondary structures at DSB ends to facilitate HR. A step-by-step *in vitro* biochemistry analysis will be needed to further validate the model that the cleavage by ERCC1/XPF of DNA secondary structures occurs after invasion of the 3′ single-strand tail to the template in the D loop. We also showed synthetic lethal interaction of FANCM and XPF in cells, which offers a novel targeted treatment strategy for FANCM-deficient tumors, but mouse study will be needed for proof of principle *in vivo*.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S10
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